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Flavonoids have an ability to suppress various ion channels. We determined whether one of 
flavonoids, cyanidin-3-glucoside, affects adenosine 5 '-triphosphate (ATP)-induced calcium signaling 
using digital imaging methods for intracellular free Ca 2+ concentration ([Ca 2 + ]i), reactive oxygen 
species (ROS) and mitochondrial membrane potential in PC12 cells. Treatment with ATP (100 n M) 
for 90 sec induced [Ca 2 + ]i increases in PC12 cells. Pretreatment with cyanidin-3-glucoside (1 v g/ml 
to 100 v g/ml) for 30 min inhibited the ATP-induced [Ca 2 + ]i increases in a concentration-dependent 
manner (IC5o=15.3 n g/ml). Pretreatment with cyanidin-3-glucoside (15 n g/ml) for 30 min significantly 
inhibited the ATP-induced [Ca 2 + ]i responses following removal of extracellular Ca 2+ or depletion of 
intracellular [Ca 2+ ]i stores. Cyanidin-3-glucoside also significantly inhibited the relatively specific P2X2 
receptor agonist 2-MeSATP-induced [Ca 2+ ]i responses. Cyanidin-3-glucoside significantly inhibited the 
thapsigargin or ATP-induced store-operated calcium entry. Cyanidin-3-glucoside significantly inhibited 
the ATP-induced [Ca 2 + ]i responses in the presence of nimodipine and w -conotoxin. Cyanidin-3- 
glucoside also significantly inhibited KC1 (50 mM)-induced [Ca 2 + ]i increases. Cyanidin-3-glucoside 
significantly inhibited ATP-induced mitochondrial depolarization. The intracellular Ca 2+ chelator 
BAPTA-AM or the mitochondrial Ca 2+ uniporter inhibitor RU360 blocked the ATP-induced mito- 
chondrial depolarization in the presence of cyanidin-3-glucoside. Cyanidin-3-glucoside blocked ATP- 
induced formation of ROS. BAPTA-AM further decreased the formation of ROS in the presence of 
cyanidin-3-glucoside. All these results suggest that cyanidin-3-glucoside inhibits ATP-induced calcium 
signaling in PC12 cells by inhibiting multiple pathways which are the influx of extracellular Ca 2 + 
through the nimodipine and cu -conotoxin-sensitive and -insensitive pathways and the release of Ca 2 + 
from intracellular stores. In addition, cyanidin-3-glucoside inhibits ATP-induced formation of ROS by 
inhibiting C a 2 + -induced mitochondrial depolarization. 
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INTRODUCTION 

Adenosine 5'-triphosphate (ATP) induces a intracellular 
free Ca 2+ concentration ([Ca 2+ ]j) increase by release of Ca 2+ 
from inositol-l,4,5-trisphosphate (IP3)- sensitive Ca 2+ stores 
through activation of P2Y-receptor-mediated phospholipase 
C (PLC) and influx of extracellular Ca 2+ through activation 
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of P2X-receptor [1], Increases in [Ca 2+ ]i can induce mi- 
tochondrial depolarization [2] and mitochondrial matrix 
Ca 2+ overload can lead to enhanced formation of reactive 
oxygen species (ROS) [3]. Moreover, ATP-induced [Ca 2+ ]i 
increase in PC12 cells may be involved in the cell death 
[4], the differentiation [5] and the release of catecholamine 
[6]. 

Flavonoids show anti-oxidant effects, anti-inflammatory 



ABBREVIATIONS: AM, acetoxymethylester; AMPA, a -Amino-3-hy- 
droxy-5-methyl-4-isoxazolepropionic acid; ATP, adenosine 5' -triphos- 
phate; DMEM, Dulbecco's modified Eagle's medium; EGTA, ethylene 
glycol tetra acetic acid; ER, endoplasmic reticulum; FBS, fetal bovine 
serum; H2DCFDA, dichlorodihydrofluorescein diacetate; HEPES- 
HBSS, HEPES-buffered Hank's balanced salt; HS, horse serum; IP3, 
inositol-l,4,5-trisphosphate; 2-MeSATP, 2-Methylthioadenosine tri- 
phosphate tetrasodium salt; NMDA, N-methyl-D-aspartate; PC 12, 
pheochromocytoma; PKC, protein kinase C; PLC, phospholipase C; 
ROS, reactive oxygen species; SOC, store-operated calcium channels; 
SOCE, store-operated calcium entry. 
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activity, anti-carcinogenic effects, anti-viral effects, anti-ag- 
ing effects [7-9]. Flavonoids also have an ability to suppress 
various ion channels including Ca 2+ channels [10,11]. In 
addition, flavonoids have been reported to inhibit ago- 
nist-induced [Ca 2+ ]i increase [12-14] and inhibit cell death 
[8,13]. 

Cyanidin-3-glucoside is a major anthocyanin which be- 
longs to the flavonoid family [9]. Cyanidin-3-glucoside has 
been reported to prevent neuronal cell death [15-17]. 
However, the effects of cyanidin-3-glucoside on ATP-in- 
duced [Ca 2+ ]i increase, ROS formation, and mitochondrial 
depolarization in PC12 cells have not been explored yet. 

In this study, we evaluated how cyanidin-3-glucoside can 
ameliorate ATP-induced [Ca 2+ ]i increase, mitochondrial de- 
polarization and formation of ROS. Our results indicate 
that cyanidin-3-glucoside inhibits ATP-induced calcium sig- 
naling in PC12 cells by inhibiting multiple pathways which 
are the influx of extracellular Ca 2+ through nimodipine and 
co -conotoxin-sensitive and-insensitive pathways and the re- 
lease of Ca 2+ from intracellular stores. In addition, cyani- 
din-3-glucoside inhibits ATP-induced formation of ROS by 
inhibiting Ca 2+ -induced mitochondrial depolarization. 



METHODS 

Materials 

Materials were purchased as follows: fura-2 acetox- 
ymethylester ester (AM), 2',7'-dichlorodihydrofluorescein 
diacetate (H2DCFDA) and rhodamine 123 from Molecular 
Probes (Eugene, OR, USA); Dulbecco's modified Eagle's me- 
dium (DMEM), fetal bovine serum (FBS, heat-inactivated) 
and horse serum (HS, heat-inactivated) from Invitrogen 
(Carlsbad, CA, USA); ATP disodium salt, and all other re- 
agents from Sigma (St. Louis, MO, USA). 

Preparation of cyanidin-3-glucoside 

Cyanidin-3-glucoside fraction from black soybean [cv. 
Cheongja 3, Glycine max (L.) Merr.] which was grown at 
Miryang, was prepared at Rural Development Administrat- 
ion, Miryang, Korea [18]. The purified cyanidin-3-glucoside 
powder was stored at — 70°C until use. 

Cell culture 

We purchased rat pheochromocytoma (PC12) cells from 
ATCC Company (Manassas, VA 20108, USA). PC12 cells 
from passage 6 ~ 14 were grown in 100 mm dish in DMEM, 
supplemented with 10% FBS and 10% HS at 37°C in a hu- 
midified atmosphere of 5% CO2 and 90% O2 air. Cells from 
the stock culture were plated in six-well culture plates at 
a density of 3xl0 4 cells per well, onto 25 mm round glass 
coverslips (Fisher Scientific, Pittsburgh, Pa, USA) that had 
been coated with poly-L-lysine (0.1 mg/ml) and washed with 
H2O. Cells were used for experiment 2~3 days after 
plating. 

Digital calcium imaging 

Digital calcium imaging was performed as described by 
Ahn et al [13]. Cells were loaded at 37°C for 45 min in 10 
vM fura-2 AM in HEPES-buffered Hank's balanced salt 
solution (HEPES-HBSS:20 mM HEPES, 137 mM NaCl, 1.3 



mM CaCl 2 , 0.4 mM MgS0 4 , 0.5 mM MgCl 2 , 0.4 mM 
KH2PO4, 0.6 mM Na 2 H 2 P0 4 , 3.0 mM NaHCOs, and 5.6 mM 
glucose) containing 0.5% bovine serum albumin. The fura-2 
loaded cells were alternately excited at 340±10 and 380±10 
nm by rapidly switching optical filters mounted on a com- 
puter-controlled wheel (Lambda DG-4, Sutter Instruments, 
Novato, CA, USA), which was placed between a 200 W Xe 
arc lamp and the epifluorescence port of the microscope. 
Excitation light reflected from a dichroic mirror (400 nm) 
through a 20X objective (Nikon TE300, Tokyo, Japan) was 
collected with a cooled charge-coupled device camera cas- 
cade 512B (512x512 binned to 256x256 pixels, Photomet- 
ries, Tucson, AZ, USA) controlled by a computer. Image 
pairs were collected every 3~60 sec using an Axon Imaging 
Work Bench 6.0 (INDEC BioSystems, Santa Clara, CA, 
USA); exposure to excitation light was 120 ms per image. 
Background images were collected at the beginning of each 
experiment after removing cells from the coverslips. [Ca 2+ ]i 
was calculated from the ratio of the background-subtracted 
digital images. Ratio values were converted to free [Ca 2+ ]i 
by the equation [Ca 2+ ]i=Kd/9 (R — Rmin)/(Rmax~ R), in which 
R is the 340/380 nm fluorescence emission ratio, and Kd= 
224 nM is the dissociation constant for fura-2. The max- 
imum ratio (R m ax=9.326), the minimum ratio (R m i n =0.302), 
and the constant /? (the ratio of the fluorescence measured 
at 380 nm in Ca 2+ -free and saturating solutions) were de- 
termined by treating cells with 10 uM ionomycin in Ca 2+ - 
free (1 mM EGTA) and saturating (5 mM Ca 2+ ) solutions. 

Measurement of mitochondrial membrane potential 

Rhodamine 123 was used for measurements of mitochon- 
drial membrane potential. PC12 cells were loaded with 10 
U M rhodamine 123 for 20 min. The fluorescence of rhod- 
amine 123 was detected by using the same method as the 
calcium imaging. Images were collected every 60 sec for 
first 10 min of treatment and for the following 20 min im- 
ages were collected every 5 min interval. The fluorescence 
of rhodamine was detected at 530±30 nm following ex- 
citation of cells at 485±22 nm. 

Measurement of ROS production 

To monitor intracellular accumulation of ROS, the fluo- 
rescent probe H2DCFDA was used. Cells were loaded with 
10 ^M H 2 DCFDA for 30 min. The fluorescence of H 2 DCFDA 
was detected by using the same system as in calcium 
imaging. The fluorescence was detected at 530±30 nm fol- 
lowing excitation of cells at 485±22 nm 30 min after treat- 
ment of ATP or vehicle. 

Statistical analyses 

Data are expressed as means±SEM for all cells from sev- 
eral independent experiments. Significance was determined 
with an ANOVA followed by a Bonferroni's test and a 
non-paired or paired Student's Z-test. The IC50 of cyani- 
din-3-glucoside was calculated using a non-linear least- 
square fit of the Hill equation to the concentration-response 
data. 



RESULTS 

Treatment with ATP (100 u M) for 90 sec transiently in- 
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Fig. 1. Concentration-dependent in- 
hibitory effects of cyanidin-3-gluco- 
side on ATP-induced [Ca ]i increase 
in PC12 ceUs. (A) Reproducible [Ca 2+ ]i 
increases were elicited by super- 
fusion with 100 u M ATP for 90 sec 
at 35 min interval. (B~F) After 
pretreating cells with various con- 
centration of cyanidin-3-glucoside (1 
V g/ml to 100 u g/ml) for 30 min, the 
subsequent ATP-induced [Ca 2+ ]i re- 
sponses were observed. ATP and 
cyanidin-3-glucoside were applied as 
indicated by the horizontal bars. G, 
The ATP-induced response is pre- 
sented as a ratio of the initial control 
(peak 2/peak 1) (n=28, 23, 25, 23, 26, 
11 at 0 ,ug/ml, 1 ,ug/ml, 3 ,ug/ml, 
10 il g/ml, 30 /ig/ml, 100 /a g/ml, 
respectively). A non-linear least- 
square fit of the Hill equation to the 
concentration-response data yielded 
an IC50 of 15.3±0.1 /ug/ml for cyani- 
din-3-glucoside. Data are means± 
SEM. 



duced [Ca 2+ ]i increase in PC12 cells. Reproducible [Ca 2+ ]i 
response could be elicited by subsequent treatment with 
ATP (100 uM) for 90 sec at a 35 min interval (relative 
to peak 1=101.0±2.1% n=28) (Fig. 1A). In the preliminary 
study, the inhibitory effects of cyanidin-3-glucoside on the 
ATP-induced [Ca 2+ ]i responses reached a maximum at 30 
min duration when cells were pretreated with cyani- 
din-3-glucoside (10 u g/ml) for various durations (10 to 40 
min)(data not shown). Therefore, we used an exposure time 
of 30 min to investigate how cyanidin-3-glucoside affects 
the ATP-induced [Ca 2+ ]i responses. Treatment with cyani- 
din-3-glucoside (1 u g/ml) for 30 min did not affect the 
ATP-induced [Ca 2+ ]i increase (Fig. IB), whereas treatment 
with increasing concentrations of cyanidin-3-glucoside (3 (igl 
ml to 100 v g/ml) inhibited ATP-induced responses in a con- 
centration-dependent manner (Fig. 1C~F). A non-linear 
least-square fit of the Hill equation to the concentration- 
response data yielded an IC50 of 15.3±0.1 /(g/ml for cyani- 
din-3-glucoside (Fig. 1G). However, treatment with various 
concentrations of cyanidin-3-glucoside (1 vg/ml to 100 ixgl 
ml, Fig. 1B~F) for 30 min did not significantly affect the 
basal level of [Ca 2+ ]i (data not shown). We therefore used 
15 n g/ml as a concentration of cyanidin-3-glucoside in the 
following experiments to investigate the inhibitory mecha- 
nisms of cyanidin-3-glucoside. 

ATP induces [Ca 2+ ]i increases by a release of Ca 2+ from 
IP3-senstive stores through activation of P2Y-receptor- 
mediated PLC and an influx of Ca 2+ from the extracellular 
space through by activating P2X-receptor [1]. We tested 
whether cyanidin-3-glucoside affects the ATP-induced [Ca 2+ ]i 
responses following removal of extracellular Ca + or deple- 
tion of intracellular [Ca 2+ ]i stores (Fig. 2). The removal of 
Ca 2+ by pretreatment with the Ca 2+ -free HEPES-HBSS 



containing 100 EGTA for 2 min significantly inhibited 
the subsequent ATP-induced [Ca 2+ ]i increases, but ATP 
still induced the [Ca 2+ ]i responses (relative to peak 1= 
34.4±5.2%, n=22). Pretreatment with cyanidin-3-glucoside 
(15 v g/ml) for 30 min further inhibited the ATP-induced 
responses in the presence of the Ca 2+ -free solution for 2 
min (relative to peak 1=26.1±3.3%, n=22, p<0.01) (Fig. 2B 
& D). These results suggest that cyanidin-3-glucoside in- 
hibits ATP-induced [Ca 2+ ]i increases by inhibiting a release 
of Ca 2+ from intracellular stores through activation of 
P2Y-receptor-mediated PLC. 

Pretreatment with an endoplasmic reticulum (ER) Ca 2+ - 
ATPase inhibitor thapsigargin, which depletes and irrever- 
sibly prevents the refilling of intracellular stores [19], de- 
creased the subsequent ATP-induced [Ca 2+ ]i increases 
(relative to peak 1=77.5±2.8%, n=19). Treatment with cya- 
nidin-3-glucoside for 30 min also inhibited the ATP-induced 
responses in thapsigargin-treated cells (relative to peak 1= 
40.9±3.4%, n=19, p<0.01) (Fig. 2C & D). These result sug- 
gest that cyanidin-3-glucoside inhibits ATP-induced [Ca 2+ ]i 
increases by inhibiting an influx of Ca 24 from the ex- 
tracellular space. 

It has been reported that P2X2 receptors are expressed 
in the undifferentiated PC 12 cells, which we used in this 
study [20]. Since there is no specific P2X2 receptor agonist, 
we used the relatively specific P2X2 receptor agonist 
2-MeSATP to induce [Ca 2+ ]i increases in PC12 cells [21]. 
Reproducible [Ca 2+ ]i responses could be elicited by sub- 
sequent treatment with 2-MeSATP (100 uM) for 90 sec at 
35 min interval (relative to peak 1=98.9±3.5%, n=31). 
Pretreatment with cyanidin-3-glucoside (15 ug/mX) for 30 
min significantly inhibited the 2-MeSATP-induced [Ca 2+ ]i 
responses (relative to peak 1=26.7±4.2% n=37, p<0.01) 
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Fig. 2. Inhibitory effects of cyanidin-3-glucoside on ATP-induced a 
release of Ca 2+ from intracellular stores and an influx of Ca 2+ from 
the extracellular space. (A) Reproducible [Ca 2+ ]i increases were 
elicited by superfusion with 100 /<M ATP for 90 sec at 35 min 
intervals. (B) Removal of extracellular Ca 2+ with the 100 vM 
EGTA-containing Ca 2+ -free HEPES-HBSS for 2 min inhibited the 
ATP-induced responses. Pretreatment with cyanidin-3-glucoside 
(15 ug/m\) for 30 min inhibited the ATP-induced responses in the 
presence of the Ca 2+ -free HEPES-HBSS. (C) Pretreatment with 
thapsigargin (1 //M) for 25 min inhibited the ATP-induced re- 
sponses. Cyanidin-3-glucoside inhibited the ATP-induced responses 
after treatment of thapsigargin. (D) The ATP-induced response is 
presented as a ratio of the initial control (relative to peak 1) after 
treatment of vehicle (control, n=27), Ca 2+ -free solution (0 Ca 2+ , 
n=22), 0 Ca 2+ plus cyanidin-3-glucoside (C3G, n=22), thapsigargin 
(n=19), and thapsigargin plus cyanidin-3-glucoside (C3G, n=19). 
Data are means±SEM. *p<0.01 relative to respective control 
(one-way ANOVA with Bonferroni's test). t p<0.01 relative to 0 Ca 2+ 
or thapsigargin (non-paired Student's t-test). 



(Data not shown). These results suggest that cyani- 
din-3-glucoside inhibits P2X2 receptor-induced [Ca 2+ ]i in- 
creases in PC12 cells. 

It has been reported that there are store-operated cal- 
cium channels (SOC) in PC12 cell [22]. We tested whether 
cyanidin-3-glucoside affects the store-operated calcium en- 
try (SOCE) following treatment with thapsigargin or ATP 
in the Ca 2+ -free condition (Fig. 3). Treatment with thapsi- 
gargin (1 vM) or ATP (100 u M)-containing Ca 2+ -free 
HEPES-HBSS (100 nM EGTA) for 10 min induced a Ca 2+ 
release from intracellular stores. Subsequent treatment 
with 1.25 mM Ca 2+ -containing HEPES-HBSS induced 
SOCE-induced [Ca 2+ ]i increases. Pretreatment with cyani- 
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Fig. 3. Inhibitory effects of cyanidin-3-glucoside on thapsigarin or 
ATP-induced store-operated calcium entry (SOCE). Treatment with 
thapsigargin (1 vM) (A) or ATP (100 uM) (B)-containing Ca 2+ -free 
HEPES-HBSS (100 //M EGTA) for 10 min induced a release of 
Ca 2+ from intracellular stores in the absence or presence of 
cyanidin-3-glucoside. Subsequent treatment with 1.25 mM Ca 2+ - 
containing HEPES-HBSS induced SOCE-induced [Ca 2+ ]i increases. 
D, The thapsigargin or ATP-induced SOCE is presented as [Ca 2+ ]i 
increases in non-treated (vehicle, n=27; ATP, n=32) or cyanidin-3- 
glucoside-treated (vehicle, n=27; ATP, n=33) cells. Data are means± 
SEM. *p<0.01 relative to respective vehicle (non-paired Student's 
i-test). 



din-3-glucoside (15 ug/ml) for 30 min significantly in- 
hibited the thapsigargin-induced SOCE responses by 57.8% 
and the ATP-induced responses by 88.0%. It has been re- 
ported that curcumin, a non-flavonoid polyphenol [23], in- 
hibits SOCE in Jukat-T cells [24]. 

ATP depolarizes a cell membrane through the P2X-re- 
ceptor-mediated influx of Na + and Ca 2+ [25], and seconda- 
rily activates voltage-gated Ca 2+ channels in PC12 cells [1]. 
Since the L-type and N-type Ca 2+ channels are expressed 
in the PC12 cells [26], we tested whether cyanidin-3-gluco- 
side affects the ATP-induced secondary Ca 2+ influx through 
voltage-gated L-type and N-type Ca 2+ channels (Fig. 4). 
Pretreatment with both the L-type Ca 2+ channel antagonist 
nimodipine (3 fiM) and the N-type Ca 2+ channels blocker 
&)-conotoxin (3 /*M) for 5 min significantly inhibited the 
ATP-induced [Ca 2+ ]i responses (relative to peak 1=62. 0± 
8.4%, n=27), indicating that nimodipine and w -conotoxin- 
sensitive and -insensitive pathways are involved in the 
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Fig. 4. Inhibitory effects of cyanidin-3-glucoside on ATP or high KCl-induced [Ca ]; increases through voltage-gated Ca channels. (A) 
Effects of nimodipine, <w -conotoxin and cyanidin-3-glucoside on ATP (100 /^M)-induced [Ca 2 ]; increases. Reproducible [Ca !+ ], increases 
were elicited by superfusion with 100 ATP for 90 sec at 35 min intervals (Al). Pretreatment with both nimodipine (3 /;M) and a> 
-conotoxin (3 iiM) for 5 min inhibited the ATP (100 /^M)-induced responses (A2). Pretreatment with cyanidin-3-glucoside (15 /ig/ml) for 
30 min further inhibited the ATP-induced responses in the presence of both nimodipine and co -conotoxin (A3). The ATP-induced response 
is presented as a ratio of the initial control (relative to peak 1) after treatment of vehicle (control, n=25), nimodipine and co -conotoxin 
(nimo + cono, n=27) and nimodipine and co -conotoxin plus cyanidin-3-glucoside (C3G, n=23) (A4). (B) Effects of cyanidin-3-glucoside on 50 
mM KCl-induced [Ca 2+ ]; increases. Reproducible [Ca 2+ ]i increases were elicited by superfusion with 50 mM KCl-containing HEPES HBSS 
for 60 sec at 35 min interval (Bl). Pretreatment with cyanidin-3-glucoside (15 /iglml) for 30 min inhibited the high KCl-induced [Ca 2+ ]i 
responses (B2). The KCl-induced response is presented as a ratio of the initial control after treatment of vehicle (control, n=25) or 
cyanidin-3-glucoside (C3G, n=26) (B3). Data are means±SEM. *p<0.01 relative to respective control (one-way AN OVA with Bonferroni's 
test), t p<0.01 relative to nimodipine and co -conotoxin-treated cells (paired Student's t-test and one-way ANOVA with Bonferroni's test), 
# p<0.01 relative to respective control (non-paired Student's (-test). 



ATP-induced [Ca 2+ ]i responses. Moreover, treatment for 30 
min with cyanidin-3-glucoside (15 u g/ml) further inhibited 
the ATP-induced responses in the presence of both nimodi- 
pine and co -conotoxin (relative to peak 1=20. 1±2. 5%, n=23, 
p<0.01). To confirm the inhibitory effects of cyanidin-3-glu- 
coside on the secondary Ca 2+ influx through ATP-induced 
activation of voltage-gated Ca 2+ channels, we tested wheth- 
er cyanidin-3-glucoside inhibits depolarization-induced [Ca 2+ ]i 
increase using high KCl-containing solution (Fig. 4B). 
Reproducible [Ca 2+ ]i increases were induced by treatment 
for 60 sec with 50 mM KCl-containing HEPES- HBSS at 35 
min interval. Pretreatment for 30 min with cyanidin-3-glu- 



coside (15 v g/ml) significantly inhibited the subsequent 
high KCl-induced [Ca 2+ ]i responses (relative to peak 1= 
55.1±7.2%, n=26, p<0.01). However, the inhibitory effects 
were not completely recovered after the washout (recovery 
for control: 98.0±4.8%, n=27; recovery for C3G: 79.9±3.4%, 
n=26, p<0.01). These results suggest that cyanidin-3-gluco- 
side inhibits ATP-induced [Ca 2+ ]i increases by inhibiting 
multiple pathways which are an influx of Ca 2+ through the 
nimodipine and co -conotoxin-sensitive and -insensitive 
pathways and a release of Ca 2+ from intracellular stores. 

Phenolic compounds have been reported to inhibit several 
kinases involved in signal transduction, mainly tyrosine 
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Fig. 5. Effects of protein kinase inhibitors on cyanidin-3- 
glucoside-induced inhibition of ATP-induced [Ca H ]i increases. A 
non-specific PKC inhibitor staurosporine, a specific PKC inhibitor 
GF109203X, and a tyrosine kinase inhibitor genistein did not affect 
the cyanidin-3-glucoside-induced inhibition of ATP-induced [Ca 2+ ]i 
increases. The effects of protein kinase inhibitors on cyanidin-3- 
glucoside-induced inhibition of the ATP-induced responses are 
presented as a ratio of the initial control (relative to peak 1) after 
non-treatment (control, n=25) and co-treatment of cyanidin-3- 
glucoside (15 /ig/ml) with vehicle (vehicle, n=21), staurosporine 
(100 nM, n=29), GF109203X (300 nM, n=31 ), genistein (50 uM, 
n=32). Data are expressed as means±SEM. *p<0.05 relative to 
respective control, and respective protein kinase inhibitor (or 
vehicle) (non-paired Student's i-test). 



kinase and protein kinase C [27,28]. We tested whether cy- 
anidin-3-glucoside inhibits ATP-induced [Ca 2+ ]i increases 
through an inhibition of tyrosine kinase or protein kinase 
C (Fig. 5). Each pretreatment for 30 min with a non-specific 
protein kinase C inhibitor staurosporin (100 nM), a specific 
protein kinase C inhibitor GF109203X (300 nM) and a ty- 
rosine kinase inhibitor genistein (50 pM) did not affect the 
inhibitory effects of cyanidin-3-glucoside on ATP-induced 
[Ca 2+ ]i increases. These results indicate that cyanidin-3- 
glucoside inhibits ATP-induced calcium signaling in a pro- 
tein kinase-independent manner. 

In this study, cyanidin-3-glucoside inhibited ATP-induced 
[Ca 2+ ]i increase. Increases in [Ca 2+ ]i have been reported to 
induce a mitochondrial depolarization [2]. We tested wheth- 
er cyanidin-3-glucoside affects ATP-induced mitochondrial 
depolarization through calcium signaling using rhodamine 
123 (Fig. 6). Treatment with 100 uM ATP for 30 min in- 
duced a mitochondrial depolarization. Treatment for 30 min 
with cyanidin-3-glucoside (15 u g/ml) alone did not affect 
the mitochondrial membrane potential, but it significantly 
inhibited the ATP-induced mitochondrial depolarization (p 
<0.05, n=26). Treatment for 30 min with the intracellular 
Ca 2+ chelator BAPTA-AM (10 vM) further blocked the 
ATP-induced mitochondrial depolarization in the presence 
of cyanidin-3-glucoside (p<0.01, n=27). These results sug- 
gest that cyanidin-3-glucoside inhibits the ATP-mitochon- 
drial depolarization by inhibiting [Ca 2+ ]i increases. In the 
following experiment, we determined whether cyanidin-3- 
glucoside inhibits the ATP-induced depolarization by in- 
hibiting a Ca 2+ influx from the cytosol into the mito- 
chondria. Treatment for 30 min with the mitochondrial Ca 2+ 
uniporter inhibitor RU360 (10 iiM) alone did not affect the 
mitochondrial membrane potential (RU360, n=23), but it 
also further blocked the ATP-induced mitochondrial depola- 
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Fig. 6. Inhibitory effects of cyanidin-3-glucoside on ATP-induced 
depolarization of mitochondrial membrane potential through a Ca 2+ 
influx from the cytosol into the mitochondria. (A) Inhibitory effects 
of the intracellular Ca 2+ chelator BAPTA-AM and cyanidin-3- 
glucoside on ATP-induced mitochondrial depolarization. Treatment 
with 100 /iM ATP for 30 min induced mitochondrial depolarization 
(ATP, n=27). Treatment for 30 min with cyanidin-3-glucoside (15 
V g/ml) alone did not affect the membrane potential (C3G, n=26), 
but it significantly inhibited the mitochondrial depolarization (C3G 
+ATP, n=26). Treatment for 30 min with BAPTA-AM (10 uM) 
alone did not affect the membrane potential (BAPTA, n=22), but 
it blocked the ATP-induced mitochondrial depolarization in the 
absence (BAPTA+ATP, n=22) or presence (C3G+ BAPTA+ATP, 
n=27) of cyanidin-3-glucoside. (B) Inhibitory effects of the mito- 
chondrial Ca 2 1 uniporter inhibitor RU360 and cyanidin-3-glucoside 
on ATP-induced mitochondrial depolarization. Treatment for 30 
min with RU360 (10 uM) alone did not affect the membrane 
potential (Ru360, n=23), but it blocked the ATP-induced mito- 
chondrial depolarization in the absence (Ru360+ATP, n=38) or 
presence (C3G + RU360+ATP, n=35) of cyanidin-3-glucoside. 
Change in mitochondrial membrane potential was shown as a ratio 
of the initial intensity of fluorescence (F1/F0). Data are expressed 
as mean±S.E. # p<0.01 relative to control, C3G, BAPTA, BAPTA + 
ATP, C3G + BAPTA+ATP, RU360, RU360+ATP, and C3G+ 
RU360 + ATP (two-way ANOVA with Bonferroni's test). f p<0.05 
relative to ATP (two-way ANOVA with Bonferroni's test). 



rization in the presence of cyanidin-3-glucoside (p<0.01, 
n=35). These results suggest that cyanidin-3-glucoside in- 
hibits ATP-induced mitochondrial depolarization by inhibit- 
ing a Ca 2+ influx into the mitochondria. 

Increase in [Ca 2+ ]i has been reported to induce formation 
of ROS [29]. In this study, cyanidin-3-glucoside inhibited 
ATP-induced mitochondrial depolarization. We checked 
whether cyanidin-3-glucoside affects ATP-induced forma- 
tion of ROS through calcium signaling using H 2 DCFDA 
(Fig. 7). Treatment with 100 uM ATP for 30 min increased 
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Fig. 7. Inhibitory effects of BAPTA-AM and cyanidin-3-glucoside 
on ATP-induced formation of EOS. Treatment for 30 min with 100 
li M ATP significantly increased formation of ROS. Pretreatment 
for 30 min with cyanidin-3-glucoside (15 n g/ml) or BAPTA-AM (10 
ftM) blocked the ATP-induced formation of ROS. The formation 
of ROS was shown as a percentage of the initial intensity of the 
fluorescence of H 2 DCFDA (Fl/F0xl00) in non-treated, cyanidin-3- 
glucoside-treated, BAPTA-AM-treated, cyanidin-3-glucoside plus 
BAPTA-AM-treated in the absence (vehicle, n=24; C3G, n=26; 
BAPTA, n=22; C3G + BAPTA, n=22, respectively) or presence 
(vehicle, n=24; C3G, n=26; BAPTA, n=23; C3G + BAPTA, n=23, 
respectively) of ATP. Data are expressed as mean±S.E. *p<0.01 
relative to respective vehicle (non-paired Student's t-test), t p<0.01 
relative to respective control and C3G (non-paired Student's t-test). 



formation of ROS. Treatment for 30 min with cyani- 
din-3-glucoside (15 u g/ml) significantly inhibited the for- 
mation of ROS. Treatment with BAPTA-AM (10 uM) for 
30 min further decreased the ATP-induced formation of 
ROS below the basal levels in the absence or presence of 
cyanidin-3-glucoside. These results suggest that cyani- 
din-3-glucoside inhibits ATP-induced formation of ROS by 
inhibiting Ca 2+ -induced mitochondrial depolarization. 



DISCUSSION 

The present study suggests that cyanidin-3-glucoside 
clearly inhibits ATP-induced [Ca 2+ ]i increases in PC12 cells 
by inhibiting multiple pathways which are an influx of ex- 
tracellular Ca 2+ and a release of Ca 2+ from intracellular 
stores. Cyanidin-3-glucoside inhibits ATP-induced forma- 
tion of ROS through Ca 2+ -induced mitochondrial depolariz- 
ation. 

In this study, cyanidin-3-glucoside inhibited ATP-induced 
[Ca 2+ ]i increases in PC12 cells by inhibiting a release of 
Ca 2+ from intracellular stores through activation of P2Y-re- 
cep tor-mediated PLC and an influx of extracellular Ca 2+ , 
which are the nimodipine and a> -conotoxin- sensitive and 
-insensitive pathways and ionotropic P2X2 receptors. Cy- 
anidin-3-glucoside also inhibited the SOCE-induced [Ca 2+ ]i 
increase induced by ATP. The multiple inhibitory effects 
of phenolic compounds on agonist-induced calcium signal- 
ing in neuronal cells have been reported in our previous 
studies. A simple phenolic compound octyl gallate has been 
reported to inhibit ATP-induced calcium signaling in PC12 
cells by inhibiting a release of Ca 2+ from intracellular 
stores and an influx of Ca 2+ from the extracellular space 
through P2X receptor non-selective cation channels and 
voltage-gated Ca 2+ channels [30]. In addition, apigenin [12] 



and phenolic compound-containing acorn extract [31] have 
been reported to inhibit glutamate-induced calcium signal- 
ing by inhibiting a release of Ca 2+ from intracellular stores 
and an influx of Ca 2+ from the extracellular space through 
ionotropic glutamate receptors and voltage-gated Ca 2+ 
channels in cultured rat hippocampal neurons. Another fla- 
vonoid proanthocyanidin has been reported to inhibit the 
glutamate-induced calcium signaling by inhibiting a release 
of Ca 2+ from intracellular stores and an influx of Ca 2+ 
through ionotropic glutamate receptors without affecting 
the voltage-gated Ca 2+ channels in cultured rat hippo- 
campal neurons [13]. The inhibitory effects of polyphenols 
such as curcumin [24] and hawthorn extract WS *1442 [32] 
on SOCE have been also reported. 

Flavonoids have been reported to interact with the mem- 
brane lipid bilayer to exert their biological functions [33]. 
The location of interaction between the flavonoids and the 
membrane has been reported to be either at the surface 
of cell membrane or in the hydrophobic core of membrane 
based on their chemical properties [34]. The membrane lip- 
id can affect ion channel structure and function [35]. 
Therefore, it is possible that cyanidin-3-glucoside inhibit 
ATP-induced Ca 2+ signaling by interacting directly with 
multiple ion channels in the cell membrane and indirectly 
through the membrane lipid. In a future study, the details 
of how cyanidin-3-glucoside inhibits ATP-induced [Ca 2+ ]i 
increases at the molecular level should be investigated. 

Protein phosphorylation such as tyrosine phosphorylation 
and serine-threonine phosphorylation can induce an influx 
of extracellular Ca [36,37]. ATP was found to activate 
PLC in PC12 cells [1], which can activate PKC. ATP was 
also found to activate tyrosine kinase in PC 12 cells [38]. 
Each pretreatment with a tyrosine kinase inhibitor genis- 
tein, a non-specific protein kinase C inhibitor staurosporin, 
and a specific protein kinase C inhibitor GF109203X did 
not affect the inhibitory effects of cyanidin-3-glucoside on 
ATP-induced [Ca 2+ ]i increases. These results indicate that 
cyanidin-3-glucoside inhibits ATP-induced calcium signal- 
ing in a protein kinase-independent manner. A simple phe- 
nolic compound octyl gallate has been also reported to have 
the same protein kinase-insensitive inhibitory effects on 
ATP-induced calcium signaling in PC 12 cells [30]. 

In this study, cyanidin-3-glucoside inhibited ATP-induced 
[Ca 2+ ]i increase. Increases in [Ca 2+ ]i have been reported to 
induce a mitochondrial depolarization [2] and a formation 
of ROS [29]. The mitochondrial matrix Ca 2+ overload can 
also enhance a formation of ROS [3]. In this study, cyani- 
din-3-glucoside inhibited the mitochondrial depolarization 
and the formation of ROS. The intracellular Ca 2+ chelator 
BAPTA-AM or the mitochondrial Ca 2+ uniporter inhibitor 
RU360 further blocked the ATP-induced mitochondrial de- 
polarization in the presence of cyanidin-3-glucoside. In ad- 
dition, BAPTA-AM also further decreased the ATP-induced 
formation of ROS below the basal levels in the presence 
of cyanidin-3-glucoside. The black soybean cyanidin-3-glu- 
coside has been reported to inhibit glutamate-induced ex- 
cessive formation of ROS and mitochondrial depolarization 
in rat cultured cortical neuron [18]. All these results sug- 
gest that cyanidin-3-glucoside inhibits ATP-induced for- 
mation of ROS by inhibiting Ca 2+ -induced mitochondrial 
depolarization. Moreover, cyanidin-3-glucoside has been re- 
ported to have a neuroprotective effect against neuronal cell 
death [15-17,39]. All these reports suggest a possibility that 
cyanidin-3-glucoside can induce protection against ago- 
nist-induced neuronal cell death through inhibiting Ca 2+ 
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signals, oxidative stress, and mitochondrial depolarization. 



ACKNOWLEDGEMENTS 

This work was carried out with the support of "Cooper- 
ative Research Program for Agriculture Science & Technol- 
ogy Development (PJ009830022014)" Rural Development 
Administration, Republic of Korea. 

REFERENCES 

1. Kim HJ, Choi JS, Lee YM, Shim EY, Hong SH, Kim MJ, Min 
DS, Rhie DJ, Kim MS, Jo YH, Hahn SJ, Yoon SH. Fluoxetine 
inhibits ATP-induced [Ca 2+ ]; increase in PC12 cells by inhi- 
biting both extracellular Ca 2+ influx and Ca 2+ release from 
intracellular stores. Neuropharmacology. 2005;49:265-274. 

2. Nasr P, Gursahani HI, Pang Z, Bondada V, Lee J, Hadley RW, 
Geddes JW. Influence of cytosolic and mitochondrial Ca 2+ , ATP, 
mitochondrial membrane potential, and calpain activity on the 
mechanism of neuron death induced by 3-nitropropionic acid. 
Neurochem Int. 2003;43:89-99. 

3. Brookes PS, Yoon Y, Robotham JL, Anders MW, Sheu SS. 
Calcium, ATP, and ROS: a mitochondrial love-hate triangle. 
Am J Physiol Cell Physiol. 2004;287:C817-833. 

4. Sun AY, Chen YM. Extracellular ATP-induced apoptosis in 
PC12 cells. Adv Exp Med Biol. 1998;446:73-83. 

5. Vollmayer P, Koch M, Braun N, Heine P, Servos J, Israr E, 
Kegel B, Zimmermann H. Multiple ecto-nucleotidases in PC 12 
cells: identification and cellular distribution after heterologous 
expression. J Neurochem. 2001;78:1019-1028. 

6. Nakazawa K Inoue K Roles of Ca 2+ influx through ATP- 
activated channels in catecholamine release from pheochromo- 
cytoma PC12 cells. J Neurophysiol. 1992;68:2026-2032. 

7. Nijveldt RJ, van Nood E, van Hoorn DE, Boelens PG, van 
Norren K van Leeuwen PA. Flavonoids: a review of probable 
mechanisms of action and potential applications. Am J Clin 
Nutr. 2001;74:418-425. 

8. Schmitt-Schillig S, Schaffer S, Weber CC, Eckert GP, Muller 
WE. Flavonoids and the aging brain. J Physiol Pharmacol. 
2005;56 Suppl 1:23-36. 

9. Kong JM, Chia LS, Goh NK Chia TF, Brouillard R Analysis 
and biological activities of anthocyanins. Phytochemistry. 2003; 
64:923-933. 

10. Shah BH, Nawaz Z, Pertani SA, Roomi A, Mahmood H, Saeed 
SA, Gilani AH. Inhibitory effect of curcumin, a food spice from 
turmeric, on platelet-activating factor- and arachidonic acid- 
mediated platelet aggregation through inhibition of throm- 
boxane formation and Ca 2+ signaling. Biochem Pharmacol. 
1999;58:1167-1172. 

11. Saponara S, Sgaragli G, Fusi F. Quercetin as a novel activator 
of L-type Ca 2+ channels in rat tail artery smooth muscle cells. 
Br J Pharmacol. 2002;135:1819-1827. 

12. Han JH, Kim KJ, Jang HJ, Jang JH, Kim MJ, Sung KW, Rhie 
DJ, Jo YH, Hahn SJ, Lee MY, Yoon SH. Effects of Apigenin 
on Glutamate-induced [Ca 2+ ]i Increases in Cultured Rat Hippo- 
campal Neurons. Korean J Physiol Pharmacol. 2008;12:43-49. 

13. Ahn SH, Kim HJ, Jeong I, Hong YJ, Kim MJ, Rhie DJ, Jo YH, 
Hahn SJ, Yoon SH. Grape seed proanthocyanidin extract 
inhibits glutamate-induced cell death through inhibition of 
calcium signals and nitric oxide formation in cultured rat 
hippocampal neurons. BMC Neurosci. 2011;12:78. 

14. Bae JH, Mini KC, Park WK, Lee SR Suh SI, Baek WK, Yim 
MB, Kwon TK, Song DK. EGCG attenuates AMPA-induced 
intracellular calcium increase in hippocampal neurons. Bio- 
chem Biophys Res Commun. 2002;290:1506-1512. 

15. Kang TH, Hur JY, Kim HB, Ryu JH, Kim SY. Neuroprotective 
effects of the cyanidin-3-O-beta-d-glucopyranoside isolated from 
mulberry fruit against cerebral ischemia. Neurosci Lett. 2006; 
391:122-126. 



16. Tarozzi A, Morroni F, Merlicco A, Bolondi C, Teti G, Falconi 
M, Cantelli-Forti G, Hrelia P. Neuroprotective effects of 
cyanidin 3-O-glucopyranoside on amyloid beta (25-35) oligomer- 
induced toxicity. Neurosci Lett. 2010;473:72-76. 

17. Tarozzi A, Merlicco A, Morroni F, Franco F, Cantelli-Forti G, 
Teti G, Falconi M, Hrelia P. Cyanidin 3-O-glucopyranoside 
protects and rescues SH-SY5Y cells against amyloid-beta 
peptide-induced toxicity. Neuroreport. 2008;19:1483-1486. 

18. Bhuiyan MI, Kim JY, Ha TJ, Kim SY, Cho KO. Anthocyanins 
extracted from black soybean seed coat protect primary cortical 
neurons against in vitro ischemia. Biol Pharm Bull. 2012;35: 
999-1008. 

19. Thastrup O, Cullen PJ, Drobak BK Hanley MR Dawson AP. 

Thapsigargin, a tumor promoter, discharges intracellular Ca 2+ 
stores by specific inhibition of the endoplasmic reticulum 
Ca 2+ -ATPase. Proc Natl Acad Sci USA. 1990;87:2466-2470. 

20. Sun JH, Cai GJ, Xiang ZH. Expression of P2X purinoceptors 
in PC12 phaeochromocytoma cells. Clin Exp Pharmacol Phy- 
siol. 2007;34:1282-1286. 

21. King BF, Wildman SS, Ziganshina LE, Pintor J, Burnstock G. 
Effects of extracellular pH on agonism and antagonism at a 
recombinant P2X2 receptor. Br J Pharmacol. 1997;121:1445- 
1453. 

22. Choi SY, Kim KT. Capsaicin inhibits phospholipase C-mediated 
Ca 2+ increase by blocking thapsigargin-sensitive store-oper- 
ated Ca 2+ entry in PC12 cells. J Pharmacol Exp Ther. 1999;291: 
107-114. 

23. Tsao R Chemistry and biochemistry of dietary polyphenols. 
Nutrients. 2010;2:1231-1246. 

24. Shin DH, Seo EY, Pang B, Nam JH, Kim HS, Kim WK, Kim 
SJ. Inhibition of Ca 2+ -release-activated Ca 2+ channel (CRAC) 
and K + channels by curcumin in Jurkat-T cells. J Pharmacol 
Sci. 2011;115:144-154. 

25. Fasolato C, Pizzo P, Pozzan T. Receptor-mediated calcium 
influx in PC12 cells. ATP and bradykinin activate two inde- 
pendent pathways. J Biol Chem. 1990;265:20351-20355. 

26. Gollasch M, Haller H. Multiple pathways for ATP-induced 
intracellular calcium elevation in pheochromocytoma (PC 12) 
cells. Ren Physiol Biochem. 1995;18:57-65. 

27. Agullo G, Gamet-Payrastre L, Manenti S, Viala C, Remesy C, 
Chap H, Payrastre B. Relationship between flavonoid structure 
and inhibition of phosphatidylinositol 3-kinase: a comparison 
with tyrosine kinase and protein kinase C inhibition. Biochem 
Pharmacol. 1997;53:1649-1657. 

28. Kern M, Pahlke G, Balavenkatraman KK, Bohmer FD, Marko 
D. Apple polyphenols affect protein kinase C activity and the 
onset of apoptosis in human colon carcinoma cells. J Agric Food 
Chem. 2007;55:4999-5006. 

29. Hernandez-Fonseca K Cardenas-Rodriguez N, Pedraza-Chaverri 
J, Massieu L Calcium-dependent production of reactive oxygen 
species is involved in neuronal damage induced during gly- 
colysis inhibition in cultured hippocampal neurons. J Neurosci 
Res. 2008;86:1768-1780. 

30. Guo Y, Hong YJ, Jang HJ, Kim MJ, Rhie DJ, Jo YH, Hahn 
SJ, Yoon SH. Octyl Gallate Inhibits ATP-induced Intracellular 
Calcium Increase in PC12 Cells by Inhibiting Multiple 
Pathways. Korean J Physiol Pharmacol. 2010;14:21-28. 

31. Lee J, Hong YJ, Yang JS, Cho S, Hahn SJ, Yoon SH Inhibitory 
effects of acorn extract on glutamate-induced calcium signaling 
in cultured rat hippocampal neurons. Biol Pharm Bull. 2013; 
36:331-338. 

32. Wilier EA, Malli R Bondarenko AI, Zahler S, Vollmar AM, 
Graier WF, Furst R The vascular barrier-protecting hawthorn 
extract WS® 1442 raises endothelial calcium levels by 
inhibition of SERCA and activation of the IP3 pathway. J Mol 
Cell Cardiol. 2012;53:567-577. 

33. Hendrich AB. Flavonoid-membrane interactions: possible con- 
sequences for biological effects of some polyphenolic com- 
pounds. Acta Pharmacol Sin. 2006;27:27-40. 

34. Oteiza PI, Erlejman AG, Verstraeten SV, Keen CL, Fraga CG. 
Flavonoid-membrane interactions: a protective role of flavon- 
oids at the membrane surface? Clin Dev Immunol. 2005;12:19- 



Cyanidin-3-glucoside Inhibits ATP-induced Calcium Signaling 



305 



25. 

35. Tillman TS, Cascio M. Effects of membrane lipids on ion 
channel structure and function. Cell Biochem Biophys. 2003;38: 
161-190. 

36. Munaron L, Distasi C, Carabelli V, Baccino FM, Bonelli G, 
Lovisolo D. Sustained calcium influx activated by basic 
fibroblast growth factor in Balb-c 3T3 fibroblasts. J Physiol. 
1995;484:557-566. 

37. Yang L, Liu G, Zakharov SI, Morrow JP, Rybin VO, Steinberg 
SF, Marx SO. Serl928 is a common site for Cavl.2 phosphory- 



lation by protein kinase C isoforms. J Biol Chem. 2005;280:207- 
214. 

38. D'Ambrosi N, Murra B, Cavaliere F, Amadio S, Bernardi G, 
Burnstock G, Volonte C. Interaction between ATP and nerve 
growth factor signalling in the survival and neuritic outgrowth 
from PC12 cells. Neuroscience. 2001;108:527-534. 

39. Bhuiyan MI, Kim HB, Kim SY, Cho KO. The neuroprotective 
potential of cyanidin-3-glucoside fraction extracted from mul- 
berry following oxygen-glucose deprivation. Korean J Physiol 
Pharmacol. 2011;15:353-361. 



